Monophyletic subgroups of the tribe Millettieae (Leguminosae) as revealed by phytochrome nucleotide sequence data by Lavin, Matt et al.
 American Journal of Botany 85(3): 412-433. 1998.
 MONOPHYLETIC SUBGROUPS OF THE TRIBE
 MILLETTIEAE (LEGUMINOSAE) AS REVEALED BY
 PHYTOCHROME NUCLEOTIDE SEQUENCE DATA1
 MATT LAVIN 2,3 ELISA ESHBAUGH,3 JER-MING Hu,4 SARAH
 MATHEWS,5 AND ROBERT A. SHARROCK3
 3Department of Biology, Montana State University, Bozeman, Montana 59717;
 4Section of Evolution and Ecology, Division of Biological Science, University of California, Davis, California 95616; and
 5Harvard University Herbaria, 22 Divinity Avenue, Cambridge, Massachusetts 02138
 Phylogenetic analysis of phytochrome (PHY) genes reveals the identity and relationships of four PHY loci among papil-
 ionoid Leguminosae. A phylogenetic analysis of loci combined according to species suggests that most of the tribe Millettieae
 belongs to one of two monophyletic clades: the Derris-Lonchocarpus or the Tephrosia clade. Together these two form a
 monophyletic group that is sister to a lineage represented by Millettia grandis of Millettia sect. Compresso-gemmatae.
 Collectively, this large monophyletic group is referred to as the Millettieae-core group, which based on our sampling, includes
 species of Millettieae that do not accumulate the nonprotein amino acid canavanine and that mostly have pseudoracemose
 or pseudopaniculate inflorescences. This new phylogenetic framework assists in targeting additional taxa for future sampling.
 For example, the "American Derris" (Deguelia), which accumulate canavanine, might not be members of the Millettieae
 core group. Afgekia is also predicted not to be a member because it accumulates canavanine and has an inflorescence of
 terminal racemes. PHY gene analysis specifically reveals that certain genera traditionally classified in Millettieae are actually
 distantly related to the Millettieae core group, such as Austrosteensia, Callerya, Craibia, Cyclolobium, Fordia, Platycyamus,
 Poecilanthe, and Wisteria.
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 The tribe Millettieae comprises over 40 genera and
 nearly 1000 species, and includes some well-known trop-
 ical trees and lianas, particularly species of the genera
 Derris, Millettia, Lonchocarpus, and Tephrosia. The tribe
 is primarily pantropical with a minor occurrence in Pa-
 leotemperate regions. The phylogeny of the tribe is poor-
 ly resolved, and its taxonomy is in a state of flux (Gee-
 sink, 1984; Polhill, 1995). Because of its stated central
 position in the radiation of a large portion of the subfam-
 ily Papilionoideae (Polhill, 1981a), attempts at higher
 level phylogenetic analysis of the legume family depend
 in part on phylogenetic resolution of this group.
 The main problem has been the identity and relation-
 ships among groups of tropical woody papilionoids that
 show "advanced" floral structures. This includes those
 tropical woody papilionoids, trees, lianas, and large
 shrubs, with fused staminal filaments that variously have
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 been assigned to the tribes Dalbergieae and Millettieae.
 Bentham (1860) originally assigned such papilionoids
 with indehiscent pods to the tribe Dalbergieae and those
 with dehiscent pods, such as Tephrosia and Millettia, to
 Galegeae, a tribe that otherwise included most of the
 thousands of species of temperate herbaceous papilio-
 noids. Of the Dalbergieae, Bentham recognized 23 genera
 classified into three subtribes. Pterocarpeae included gen-
 era such as Dalbergia and Pterocarpus with samaroid
 indehiscent legumes, leaflets usually alternate, and a
 staminal tube lacking callus toward the base. Lonchocar-
 peae included genera such as Lonchocarpus and Derris
 with indehiscent legumes having at most small marginal
 wings, leaflets usually opposite, and a staminal tube with
 callus toward the base. Geoffroyeae with genera such as
 Geoffroya and Andira was characterized by drupaceous
 fruits. Bentham recognized the tenuous distinction of the
 subtribe Lonchocarpeae with indehiscent pods from the
 tribe Galegeae with dehiscent ones.
 Polhill (1981b, 1995) revised Bentham's classification
 by stressing the structure of the flower, pod chambers,
 seed chemistry, and wood anatomy. Dalbergieae now in-
 cluded 19 tropical woody genera mostly from Bentham's
 Pterocarpeae and Geoffroyeae. The tribe was diagnosed
 by a plesiomorphic flower morphology (i.e., free keel pet-
 als, staminal tube without distinct basal fenestrae), pods
 with specialized seed chambers, and seeds that accumu-
 lated alkaloids. The tribe Millettieae (then Tephrosieae
 and including Bentham's Lonchocarpinae and some
 woody Galegeae) was characterized as a paraphyletic
 group at the base of the largest papilionoid radiation, one
 that involved the nonprotein amino acid accumulators.
 Millettieae was ostensibly defined as those tropical
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 woody papilionoids with a derived flower structure (i.e.,
 fused keel petals and staminal tube with distinct basal
 fenestrae) and seeds that accumulated nonprotein amino
 acids (e.g., as reported in Evans, Fellows, and Bell,
 1985). Furthermore, the members of this tribe possessed
 no further distinction that allowed them to be assigned to
 another papilionoid tribe that accumulated nonprotein
 amino acids. The significant development here was the
 synthesis of diverse data that revealed a distinction be-
 tween the genera placed into Dalbergieae and those
 placed into Millettieae.
 Geesink (1981) enumerated 44 genera in the tribe Mil-
 lettieae (then as Tephrosieae), the delimitation of which
 was based on Polhill's studies. Later, Geesink (1984) at-
 tempted a cladistic analysis of Millettieae, described new
 or resurrected old genera, and relegated yet other genera
 to the tribe Dalbergieae (e.g., Poecilanthe and Dalber-
 giella). Forty-three genera were recognized, not by the
 result of cladistic analysis, but on the a priori weighting
 of traits. Geesink weighted heavily the transformation
 from axillary pseudoracemes to terminal panicles, or vice
 versa, for example. Thus, he recognized species of Lon-
 chocarpus with panicles as either Austrosteensia, Dahls-
 tedtia, Kunstleria, or Philenoptera, such species of Mil-
 lettia as Callerya, Craibia, or Imbralyx, and species of
 Derris with panicles as Ostryocarpus. Similarly, free vs.
 fused vexillary filaments distinguished Bergeronia and
 Margaritolobium from Lonchocarpus, or Callerya and
 Cyclolobium from Philenoptera. Consistent with Polhill's
 taxonomy, Geesink placed little weight on pod dehis-
 cence.
 Geesink (1984) never elaborated on the characters that
 he used in his analysis. Most were polymorphic for many
 of the terminal taxa, and character discussions involved
 only the most general considerations. Also, he cladisti-
 cally analyzed few genera and no discussion of the choice
 and identity of terminal taxa was provided. Consequently,
 Bremer's (1985) and Geesink's (Zandee and Geesink,
 1987) reanalyses of Geesink's (1984) data set were not
 insightful. No advances were made from Polhill's (1971)
 study in the delimitation of the tribe Millettieae and its
 constituent monophyletic subgroups. Derris was osten-
 sibly defined as those species with winged pods not be-
 longing to Brachypterum and Paraderris. Lonchocarpus
 was diagnosed as a New World genus having inflores-
 cences in which two flowers were borne from a common
 pedicel at each node, but not including Paleotropical gen-
 era with such an inflorescence (e.g., Paraderris). And
 Millettia was characterized as those species with dehis-
 cent pods that could not be assigned elsewhere.
 Sousa and de Sousa (1981) relegated all neotropical
 Millettieae but Tephrosia to the subtribe Lonchocarpinae.
 They suggested that this subtribe represented a distinct
 group apart from both Dalbergieae and Millettieae (the
 latter included Millettia, Tephrosia, and close relatives in
 their scheme). Evidence for this included, in part, a "tri-
 compound" inflorescence (i.e., cymose derived) shared
 between Dalbergieae and Lonchocarpinae, and the ad-
 vanced floral structure (e.g., standard callus, fused keels,
 etc.) shared between Lonchocarpinae and genera such as
 Millettia and Tephrosia (Sousa and de Sousa, 1981, pp.
 276-277). They intended to raise this subtribe to the trib-
 al level but for the constraints imposed by their editors.
 Sousa and de Sousa's taxonomy was consistent with Ben-
 tham's, so it conflicted with Polhill's and Geesink's in
 segregating genera like Millettia and Tephrosia from an
 alliance with Lonchocarpus and Derris.
 Though the tribe Millettieae has been the focus of
 higher level taxonomic and phylogenetic analysis in the
 last two decades, little resolution has been forthcoming.
 First, the large focal genera Lonchocarpus, Derris, Mil-
 lettia, and Tephrosia remain nebulously characterized.
 Second, certain genera, such as Cyclolobium, Dalber-
 giella, and Poecilanthe, are still transferred in and out of
 the tribe (cf. Bentham, 1860; Geesink, 1981, 1984; Pol-
 hill, 1981b; Lavin and Sousa, 1995; Polhill, 1995). Third,
 some genera currently placed in the tribe, such as Bur-
 killiodendron, Kunstleria, and Platycyamus, are thought
 to be more closely related to specific subgroups of Pha-
 seoleae than to other contribal genera (e.g., Ridder-Nu-
 man, 1996). Fourth, the tribe has been explicitly concep-
 tualized as paraphyletic; Geesink (1984) suggested that
 the concept of monophyly be reserved for distinguishing
 derived groups of legumes, but that paraphyly be imple-
 mented for "stem" groups such as Millettieae. Finally,
 there is much nomenclatural instability brought about by
 the nebulous characterizations of nearly all of the genera
 in this tribe. It is very conunon for a particular species
 to be routed through several very different genera (Pol-
 hill, 1971). As new species are described, generic assign-
 ments can only be tenuously justified (e.g., Labat and Du
 Puy, 1995).
 Stemming from the study by Mathews, Lavin, and
 Sharrock (1995) on the phytochrome gene family, we
 have undertaken a molecular systematic survey of this
 tribe in an effort to identify potentially monophyletic sub-
 groups among the genera traditionally included in Mil-
 lettieae. Our primary motivation is that phylogenetic res-
 olution provided by analysis of the PHY genes can guide
 future taxon sampling of both molecular and nonmolec-
 ular data in this taxonomically pivotal tribe. The current
 situation is that no phylogenetic framework exists that
 suggests such data are informative (Zandee and Geesink,
 1987). Our secondary motivation comes from the results
 of molecular investigations of this tribe on the distribu-
 tion of the chloroplast DNA inverted repeat. Though
 lacking from most temperate and herbaceous legumes
 (Lavin, Doyle, and Palmer, 1990), it is found also to be
 lacking in the temperate Wisteria and the tropical Cal-
 lerya of the tribe Millettieae (Liston, 1995). While non-
 molecular characters have not been forthcoming in sup-
 port of this distinction implied by the chloroplast ge-
 nome, DNA sequence analysis of rbcL has (Doyle et al.,
 1997). Thus, at least part of the tribe Millettieae could
 be the sister group, or the group from which was derived,
 most of the temperate herbaceous papilionoid legumes.
 In essence, the phylogeny of this taxonomically central
 tribe needs to be better understood before higher level
 phylogenetic analyses of the papilionoid legumes can re-
 alistically proceed.
 MATERIALS AND METHODS
 DNA data-Protocols for PHY sequence analysis generally follow
 hose described by Mathews, Lavin, and Sharrock (1995). Total DNA
 was isolated from fresh and dried leaves using CTAB methods (Doyle
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 and Doyle, 1987) followed by phenol-chloroform extraction and puri-
 fication of the aqueous portion over sepharose CL-6B (Sigma, St. Louis,
 Missouri) columns. All ceramics and glassware used during DNA iso-
 lation were baked at 185?C for 12 h in order to minimize DNA con-
 tamination. All plastic ware was autoclaved and only aerosol-resistant
 disposable micropipet tips were used.
 Target sequences came from the PHY loci in the region of the first
 coding exon that encodes a peptide including the chromophore attach-
 ment site. Primers with equimolar mixtures of nucleotide pairs at two-
 and threefold degenerate sites and inosines (I) at fourfold degenerate
 sites were designed to amplify all possible sequences in template DNAs.
 One primer set yielded sequences between - 291 and 333 bp (base
 pairs) long, depending on the PHY locus amplified. Sequences amplified
 by this pair of primers were flanked by the conserved upstream peptide
 HYPATDIP (5'-CAYTAYYCIGCIACIGAYATYCC-3') and down-
 stream peptide PFPLRYAC (complementary strand 5'-CRCAIGCRT-
 AICKIARIGGRWA IGG-3'). This pair of primers was used in the study
 by Mathews, Lavin, and Sharrock (1995). To test for the repeatability
 of the loci amplified during the first study, another primer pair was
 designed that amplified a region encompassing the first and that yielded
 PCR products in the range of 591 and 633 bp in length, depending on
 the locus amplified. Sequences in template DNAs flanked by the con-
 served upstream peptide YDRVMAYKFHED (5'-TAYGAYAGGGTI-
 ATGGCITAYAARTTYCAYGARGA-3') and downstream peptide
 NIMDLVKCDG (complementary strand 5'-CCRTCRCAYTTIAC-
 TAGRTCCATDATRTT-3') were amplified. These peptide sequences
 are highly conserved among eudicot phytochromes and flank a region
 comprising phylogenetically informative variation (Mathews, Lavin,
 and Sharrock, 1995).
 Using different sets of degenerate primer pairs, which differ in GC
 content, best ensured amplification of all possible PHY orthologs and
 paralogs (Wagner et al., 1994). Thus, artifacts due to sampling error
 (Page, 1993a) were minimized in the resulting phylogeny. Cycle num-
 bers and temperatures were varied also in order to maximize the sam-
 pling of PHY loci (see Wagner et al., 1994). Standard PCR protocols
 (Innis et al., 1990; Erlich, 1992) were modified to include an initial five
 cycles in which annealing temperatures were less stringent, e.g.,
 (94X5'), (94X1', 48X1', 3' ramp, 72X1')X 5, (94X1', 55X1', 72X1')X
 30, (72X10').
 Blunt-end cloning procedures using the M13 cloning vector followed
 those described in Mathews, Lavin, and Sharrock (1995). Some PCR
 products required cloning into the TA vector (Invitrogen, San Diego,
 California) and subcloning into M13. Directional cloning involved re-
 striction enzymes, which did not cut often within the target sequences,
 being built into the ends of the primers. Such enzymes included HindIII,
 PstI, Sacl, and Xbal. Transformations involved both heat-shock and
 electroporation. To best ensure -an adequate screening of the pool of
 PCR products that were amplified, cloned, and transformed, eight col-
 onies or plaques were picked, cultured, and minipreped following a
 single transformation experiment. Single-stranded DNA sequencing
 protocols (Sequenase version 2.0, Amersham Corporation, Arlington
 Heights, Illinois; see Mathews, Lavin, and Sharrock, 1995) were used
 because they gave superior results over double-stranded ones. Both
 DNA orientations were usually sequenced by cloning directionally into
 both M13 mpl8 and mpl9.
 Sequences were aligned manually, though the program ALIGN
 (1989) was used for sequence input and initial alignments. Aligned
 sequence files were managed with Molecular Evolutionary Genetic
 Analysis (MEGA; Kumar, Tamura, and Nei, 1993), which tabulated
 some sequence statistics and output Nexus files and data partitions.
 Sequences were compared using maximum parsimony algorithms avail-
 able in Phylogenetic Analysis Using Parsimony (PAUP version 3.1.1;
 Swofford, 1993). Minimal length trees resulted from heuristic search
 options, which initially invoked random addition with five replicates
 (more replicates were prohibitively time consuming), all starting trees
 retained, steepest descent, retention of multiple parsimonious trees, and
 tree bisection-reconnection (TBR) branch swapping options. The max-
 imum number of trees generated during each analysis was set as high
 as possible (at least 16000), though it has been shown that anything
 over 1000 trees generally yields extremely diminishing returns in to-
 pological variation (e.g., Sanderson and Doyle, 1993; Soltis et al.,
 1997). Clade stability was evaluated with 500 bootstrap replicates (Fel-
 senstein, 1985; Sanderson, 1995) as implemented in PAUP, as well as
 by 1000 parsimony jackknife replicates as implemented in Jac (Farris
 et al., 1996). For each bootstrap replicate, an effort was made to ap-
 proximate the heuristic searches for each parsimony jackknife replicate.
 That is, each replicate had a random addition of taxa, no branch swap-
 ping, no steepest descent, and no retention of multiple parsimonious
 trees. All analyses were run on a Macintosh Quadra 950 with 24 Mb
 of Ram, except that more intensive tree searches were performed with
 PAUP* version 4.0.0d53 for UNIX on a Sun Ultra 1 workstation Model
 140, and jackknifing was performed with Jac on a Gateway P5-166.
 From the various gene phylogenies generated during this analysis,
 organismal relationships were evaluated by both taxonomic congruence
 (e.g., Page, 1996) and total evidence (e.g., Eernisse and Kluge, 1993),
 but in a conditional combination approach (Hulsenbeck, Bull, and Cun-
 ningham, 1996) using the bootstrap approach suggested by De Queiroz
 (1993). Establishing paralogous and orthologous relationships of genes
 is a necessary step in the conditional combination approach. This mit-
 igated the potential problem of mistaken orthology (Doyle, 1992),
 which is potentially confounding in nuclear gene families where gene
 duplication or concerted evolution is likely to occur (Mathews, Lavin,
 and Sharrock, 1995). Thus, data heterogeneity resulting from potentially
 different evolutionary histories among the PHY loci needed to be eval-
 uated before continuing with the conditional combination approach.
 Because of the directional cloning approach and the associated prob-
 lem of restriction sites used in cloning also appearing in some of the
 PCR products, many sequences are missing the 5'- or 3' ends of the
 target sequence. To assess the effects of missing data (cf. Bruneau and
 Doyle, 1993), phylogenetic analysis was performed also on data parti-
 tions, where those sequences that were complete at the midportion, full
 length, the 5' end, or the 3' end were analyzed separately. The consen-
 sus among the analyses of these different data partitions, as well as
 consensus among the different gene phylogenies, was evaluated quali-
 tatively. Quantitative evaluations of congruence were not possible be-
 cause the various subtrees differed greatly in taxon composition. Stan-
 dard consensus techniques (strict, semistrict, Adams, etc.) could not be
 implemented among such trees. In addition, three-taxon statements
 (TASS; Nelson and Ladiges, 1991), Component analysis invoking heu-
 ristic searches (Page, 1993b), and Brook's parsimony analysis (Brooks
 and McLennan, 1991) could not provide resolution because of the large
 differences in the taxon composition among the subtrees.
 Taxon sampling-Using the previous studies of the genera of Mil-
 lettieae, an attempt was made to identify subgroups of the tribe that
 may represent monophyletic terminal taxa. Such subgroups, though in
 some cases crudely defined phylogenetically, serve as the best frame-
 work from which to sample against during a molecular systematics
 study. The subgroups are derived from the works of Geesink (1981,
 1984), Geesink's students (e.g., Ridder-Numan and Wiriadinata, 1985;
 Buijsen, 1988; Dasuki and Schot, 1991; Schot, 1991, 1994; Ridder-
 Numan and Kornet, 1994), Pohill (1971, 1981b), and Sousa and de
 Sousa (1981). Initial attempts have been made to enumerate phyloge-
 netically informative characters for these subgroups, but the effort is far
 from complete due to the large size and pantropical distribution of Mil-
 lettieae. Therefore, the intent here is to begin an iterative process by
 which this molecular phylogenetic study supports or revises the taxon
 sampling scheme proposed below. With each iteration, the taxon sam-
 pling scheme should become more refined to reflect an increasingly
 resolved phylogeny.
 The characterization of the major subgroups of Millettieae is as fol-
 lows: (1) The Millettia subgroup is characterized by leaves usually with
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 stipellae, thick woody pod valves that are usually elastically dehiscent,
 lenticular seeds that sometimes accumulate the nonprotein amino acid
 canavanine, a habit of usually trees or lianas, and a distribution in the
 Old World. (2) The Lonchocarpus subgroup is distinguished by a pseu-
 doraceme where the fascicles of flowers consist of two flowers borne
 atop a common pedicel, thin woody pod valves that are usually inde-
 hiscent, reniform seeds that do not accumulate canavanine, a woody
 habit of other than lianas, and a neotropical distribution. (3) The Derris
 subgroup is diagnosed by pods winged most commonly along the pla-
 cental suture, thin woody pod valves that are indehiscent, flower petals
 usually without callus or auricles, and keels that are straight (as opposed
 to typically falcate as found in the other groups), reniform seeds not
 accumulating canavanine, a habit of usually woody lianas, and a dis-
 tribution that is primarily paleotropical. (4) The Tephrosia subgroup has
 ebracteolate flowers, thin woody pod valves that are usually elastically
 dehiscent, lenticular seeds that do not accumulate canavanine, a habit
 of usually shrubs, and a distribution primarily in the Old World, ex-
 cepting a New World radiation of Tephrosia centered in Mexico. (5)
 The "primitive" subgroup does not fit cleanly into the four described
 above; the constituent genera are often without a pseudoraceme or pseu-
 dopanicle, with a plesiomorphic flower morphology (at least the wing
 petals free from the keel), seeds commonly accumulating canavanine,
 a habit of usually trees, and a primarily paleotropical distribution, with
 the exception of the South American genera Poecilanthe and Cyclolob-
 ium. (6) The "Phaseoleae" subgroup includes genera with a potentially
 close affinity to a specific subgroup of Phaseoleae. They are tradition-
 ally not included in Phaseoleae because their habit is of trees or strongly
 woody lianas. These genera have a distribution in eastern Asia with the
 .exception of the South American Platycyamus.
 Appendix A lists the taxonomic composition of each of these sub-
 groups, as well as the specific taxa sampled. Limitations in sampling
 resulted sometimes from DNAs that did not amplify or PCR products
 that did not sequence. Though this scheme and its limitations do not
 satisfy the random sampling considerations described by Sanderson
 (1996), it at least initiates the iterative process that should ultimately
 identify monophyletic subgroups among these genera traditionally clas-
 sified in Millettieae.
 Outgroups were chosen discriminantly from among the entire legume
 family (see Appendix A). First, representatives of the subfamilies Cae-
 salpinioideae and Mimosoideae were included. Second, genera from the
 papilionoid tribe Sophoreae were included as they should represent
 some of the early offshoots in the papilionoid lineage. Finally, genera
 from the tribes Phaseoleae, Robinieae, and a group herein referred to
 as Hologalegeae (tribe Galegeae and close relatives such as Carmi-
 chaelieae and Vicieae) were represented because they belong to lineages
 that have been explicitly stated as being derived from within the Mil-
 lettieae lineage (Polhill, 1981a). Sampling from Phaseoleae, based on
 Bruneau, Doyle, and Doyle (1995), was restricted to three species (Ap-
 pendix A) due to financial and time constraints.
 RESULTS
 Paralogous relationships-One-hundred and thirteen
 target strands were amplified, cloned, and sequenced, at
 least partially. Alignment trials (e.g., "gap open" set at
 a much higher penalty than "base mismatch" or "gap
 extension") used both nucleic acid and the inferred ami-
 no acid alignments. This resulted in one unambiguous
 alignment with 579 homologous nucleotide sites (nucleic
 acid positions 37-6 15 in Appendix B, and amino acid
 positions 299-490 in Appendix C). The alignment re-
 solved a region of insertion-deletion events (indels) in
 and around amino acid position numbers 398-416 (Ap-
 pendix C). These indels occurred mostly among putative
 PHY loci and involved multiple codons. Within-locus
 comparisons revealed very few indels, all of which were
 restricted to three bp or one codon in length (amino acid
 positions 405 or 406 in Appendix C). This alignment of
 orthologs and paralogs also revealed that of the 579 ho-
 mologous sites, 428 were variable afid 349 were phylo-
 genetically informative (Table 1).
 It was evident from this alignment that, based on indel
 lengths and amino acid sequence motifs, four sequence
 types had been amplified. These are the same four iden-
 tified by Mathews, Lavin, and Sharrock (1995), and pre-
 sumably they represent the four duplicated PHY loci that
 are found in the genome of Leguminosae so far exam-
 ined. One of these sequence types is most similar to Ar-
 abidopsis PHYE, one to Arabidopsis PHYB, and two to
 Arabidopsis PHYA (as indicated in Appendices B and C).
 Similarity is based on the size and position of the indels
 as well as amino acid sequence motifs (e.g., the
 "SEELRQP" amino acid motif at positions 354-360 for
 PHYE, Appendix C; see also Appendix 4 in Mathews,
 Lavin, and Sharrock, 1995). Sequence divergence
 amounts to -30% for comparisons among PHYE, PHYB,
 and PHYA loci, 9-14% among the different putative
 PHYA loci, and <7.5% within a designated locus (E. Esh-
 baugh, unpublished data, Montana State University).
 These sequence types are tentatively considered as dif-
 ferent loci because of the nucleic acid sequence diver-
 gence and indel differences that theoretically could not
 be maintained among alleles at a locus that are most com-
 monly undergoing recombination (Mathews, Lavin, and
 Sharrock, 1995).
 A maximum of one PHYE, one PHYB, and two PHYAs
 was amplified from each legume DNA accession. These
 estimates of the number of PHY loci in legumes are based
 on extensive sampling (samples from multiple PCR re-
 actions on the same DNAs, each of which involved dif-
 ferent primer sets, and sequencing of eight cloned prod-
 ucts from a single PCR reaction). Preliminary southern
 blot analysis of the DNA of Austrosteensia blackii sug-
 gests that PHY genes exist in low copy number in leg-
 umes (R. Sharrock, Montana State University, unpub-
 lished data), consistent with the findings from PCR ex-
 periments. However, two exceptions were found to the
 estimates in copy number. Millettia thonningii contains
 at least three duplicated PHYA sequences, and Ponga-
 miopsis amygdalina contains four. Insufficient DNA from
 these two species precludes confirmation by southern blot
 analysis. Regardless, these and other molecular evolu-
 tionary questions concerning PHY gene evolution in leg-
 umes are being addressed elsewhere (E. Eshbaugh, in
 preparation, Montana State University; R. Sharrock, un-
 published data, Montana State University).
 Phylogenetic analysis of all sequences (Appendix B),
 partial and full length, resulted in 20 000 minimal length
 trees (the maximum number computer memory could
 handle), each with length of 2060, a consistency index
 of 0.383, and a retention index of 0.793. A strict consen-
 sus of these trees (Figs. 1-3) reveals much resolution
 even with 23.6% missing data (Table 1).
 As with raw sequence comparisons (e.g., shared indels
 and amino acid sequence motifs), phylogenetic analysis
 suggests that there is one PHYB, one PHYE (Fig. 1), and
 generally two PHYA loci in legumes (Figs. 1-3; excep-
 tions are discussed below). Inclusion of the Arabidopsis
 PHYA sequence in this analysis (Fig. 2) showed it to be
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 100 Enterolobium cyclocarpum E
 - 61 ioo Gymnocladus dioica E
 Gleditsia triacanthos E
 52 Sophora affinis E
 Poecilanthe falcata E
 Carmichaelia sp. E
 9 Hebestigma cubense E
 Lennea melanocarpa E
 Platycyamus regnellii E
 Austrosteensia blackii E
 Dalbergiella nyassae E
 Myrospermum sousanum E
 oo0 # - --Butea monosperma E
 Derris elliptica E A
 Ostryocarpus stuhimannii E
 97 Millettia dura E
 94 Lonchocarpus eriocarinalis E
 58 Millettia richardiana E
 Piscidia piscipula E
 70 {L = Mundulea sericea E
 Tephrosia villosa E
 Millettia grandis E
 Dalbergia sp. E
 Wisteria floribunda E
 92 = Brownea sp. B
 85 Myrospermum sousanum B
 99 L6 Glycine max B
 99 64 Mundulea sericea B
 99 Dalbergiella nyassae B
 Fig. 1. Strict consensus of the PHYE and PHYB phylogenies. Bootstrap values lie above the corresponding branch and jackknife values below.
 The open box labeled "A" encloses taxa assigned to the Derris-Lonchocarpus and the Tephrosia clades. The designation "E" or "B" following
 each taxon label corresponds to the PHYE or PHYB locus, respectively.
 sister to the entire legume PHYA lineage that contains at
 least two paralogs. One designated as PHYA (Fig. 2) is
 paraphyletic to the one designated PHYA1 (Fig. 3). The
 designated PHYA locus is least divergent from the Ara-
 bidopsis PHYA (E. Eshbaugh, unpublished data, Montana
 State University). Though the identities of the different
 legume PHY loci were established in Mathews, Lavin,
 and Sharrock (1995), PHYA was verified again because
 of the numerous additional legume PHYA sequences that
 were generated during this study.
 The best-supported clades in this particular analysis are
 those that distinguish the presumptive PHYE, PHYB, and
 PHYA loci. High support is seen in terms of high boot-
 strap and jackknife values (99-100 and 85-94%, respec-
 tively; Figs. 1-2). The PHYA1 sequences are monophy-
 letic if just papilionoid legumes are compared (Fig. 3),
 as was found by Mathews, Lavin, and Sharrock (1995).
 They are shown as -polyphyletic if the PHYAI sequence
 of Enterolobium (subfamily Mimosoideae) is included
 (clade A, Fig. 2). In this case, the amino acid sequence
 motifs that usually distinguish the PHYA from PHYAI
 locus (Appendix C; also Appendix 4 in Mathews, Lavin,
 and Sharrock, 1995) no longer become good predictors
 of group affinity. However, inadequate sampling of the
 legume subfamilies Caesalpinioideae and Mimosoideae
 hinders interpretation of the PHY gene phylogeny in this
 part of the tree (clade A, Fig. 2).
 Other than the PHYA1 locus, additional putative du-
 plicated PHYA loci are found rarely. Pongamiopsis amyg-
 dalina has two additional duplicated PHYA loci (desig-
 nated PHYA2 and PHYA3; Fig. 2) and Millettia thonnin-
 gii has one (designated PHYA4; Fig. 3). In Pongamiopsis,
 PHYA2 and PHYA3 are independently evolved from dif-
 ferent PHYA lineages. PHYA4 is sister to PHYA1 of M.
 thonningii and is only 0.4% divergent, suggesting either
 very recent duplication or perhaps allelic variation. Those
 of P. amygdalina are more divergent on the order sug-
 gestive of duplicated loci. Though only two PHYA se-
 quences were amplified from Callerya australis, both are
 shown to be closely related within the PHYAI gene lin-
 eage (PHYA1 and PHYAS in clade A, Fig. 3). Thus, there
 is the possibility of a yet sampled third sequence in this
 species that is part of the proper PHYA gene lineage.
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 Fig. 2. Strict consensus of the PHYA phylogeny. Bootstrap values lie above the corresponding branch and jackknife values below. The open
 box labeled "A" encloses the taxa sampled from the legume subfamilies Caesalpinioideae and Mimosoideae; "B" encloses taxa assigned to the
 Derris-Lonchocarpus clade; "C" the Tephrosia subgroup; and "D" includes the PHYA3 paralog of Pongamiopsis amygdalina. The designation
 "A," "Al," "A2," and "A3" following each taxon label corresponds to a PHYA paralog.
 Orthologous relationships-The highest bootstrap
 values that support the monophyly of three or more spe-
 cies come from clades that include all samples of the
 Derris, Lonchocarpus, and Tephrosia subgroups and
 some from the Millettia subgroup. Such clades are con-
 sistently found in the PHYE lineage (70% bootstrap sup-
 port for clade A, Fig. 1), PHYA gene lineage (84% for
 clade B and 92% for clade C, Fig. 2), and the PHYAI
 lineage (72% for clade B, Fig. 3). These high values exist
 in spite of 23.8% missing entries and with random rep-
 licate data sets analyzed with nonintensive heuristic
 searches including no swapping.
 Except Millettia grandis, all species represented in
 these well-supported clades and that come from the Der-
 ris, Lonchocarpus, and Millettia subgroups have a dele-
 tion in the PHYA1 locus at nucleic acid positions 361-
 363 (Appendix B) or amino acid position 406 (Appendix
 C). This includes the following 12 samples: Dahlstedtia
 pinnata, Derris elliptica, Lonchocarpus eriocarinalis,
 Lonchocarpus phaseolifolius, Lonchocarpus spectabilis,
 Millettia dura, Millettia richardiana, Millettia thonningii,
 Ostryocarpus stuhlmannii, Piscidia piscipula, Pongamia
 pinnata, and Pongamiopsis amygdalina. Because all sam-
 ples of the Derris and Lonchocarpus subgroups are mem-
 bers of this potentially monophyletic group, it is herein
 referred to as the Derris-Lonchocarpus clade. It is given
 this name even though some members of the Millettia
 subgroup are included. The Derris-Lonchocarpus clade
 will form the nucleus of much of the taxonomic discus-
 sion that follows. Millettia grandis, Dalbergiella nyassae,
 Austrosteensia blackii, and especially the Tephrosia sub-
 group are closely related to the Derris-Lonchocarpus
 clade, but they lack this 3-bp deletion mutation (though
 PHYAJ of Tephrosia has not been sequenced).
 Notably, a similar mutation to that of the PHYA1 locus
 of the Derris-Lonchocarpus clade occurs in the PHYA
 locus of Butea, Phaseolus, and Glycine, the three repre-
 sentatives of Phaseoleae. From nucleic acid alignments,
 it most likely occurs at positions 358-360 (Appendix B;
 amino acid position 405, Appendix C). Regardless, the
 results of phylogenetic analysis strongly suggest that this
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 Fig. 3. Strict consensus of the papilionoid PHYAI phylogeny. Bootstrap values lie above the corresponding branch and jackknife values below.
 The open box labeled "A" encloses taxa sampled from the genera Callerya and Wisteria; "B" the taxa assigned to the Derris-Lonchocarpus and
 Tephrosia clades. The designation "Al," "A4," and "A5" following each taxon label corresponds to a PHYAI paralog.
 deletion in Phaseoleae is an independent evolutionary
 event from that in the Derris-Lonchocarpus clade.
 Other clades with three or more species and that are
 well marked by relatively high bootstrap and jackknife
 values include the samples of Callerya and Wisteria
 (56% in the PHYAI lineage, clade A in Fig. 3). That these
 latter two genera often group with each other and con-
 sistently apart from other Millettieae agrees with results
 from chloroplast DNA studies (Liston, 1995).
 Finally, there exists one significant incongruence
 among the PHY phylogenies, if incongruence is identified
 as conflicting clades supported by high bootstrap and
 TABLE 1. Statistics and results of parsimony analyses of data partitions.
 Nucleic (and amino) acid positionsa 37-615 118-450 37-615 37-450 118-615 PHYA, PHYAI,
 (13-205) (40-150) (13-205) (13-150) (40-205) and PHYE
 Number of terminals 117 117 43 56 68 49
 Homologous sites 579 333 579 414 498 1668
 Missing values 23.6% 5.0% 2.5% 2.9% 3.8% 50%
 Variable sites 428 256 381 278 346 686
 Informative sites 349 212 312 224 284 332
 Minimal tree length 2060 1287 1254 1007 1359 1296
 Number of minimal length trees 20 00Gb 16 00Gb 18 16 00Gb 16 00Gb 16 00Gb
 Consistency index 0.383 0.378 0.508 0.464 0.454 0.675
 Retention index 0.793 0.798 0.805 0.778 0.810 0.635
 Rescaled consistency index 0.304 0.302 0.409 0.361 0.368 0.429
 a See Appendix B for nucleic acid positions and Appendix C for amino acid positions.,
 b Maximum number of trees set due to limitations of computer memory or time.
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 jackknife values (e.g., De Queiroz, 1993). This is with
 respect to the placement of Ostryocarpus stuhlmannii
 where in the PHYE and PHYAJ phylogenies, it is
 grouped with the samples of the Derris, Lonchocarpus,
 and Tephrosia subgroups (with bootstrap values of 70
 and 72%, respectively; clade A in Fig. 1, clade B in Fig.
 3). In the PHYA phylogeny, however, it is placed with
 the duplicated PHYA3 locus of Pongamiopsis amygdali-
 na (bootstrap value of 78%, clade D in Fig. 2). There
 may be a third PHYA paralog that has been sampled in
 Ostryocarpus, Pongamiopsis, and Craibia, and this rarely
 detected locus is confounding orthologous PHYA rela-
 tionships. Alternatively, missing data for Ostryocarpus at
 this locus (333 bp out of 579 bp have been sampled)
 could be the cause of spurious relationships (see Com-
 bined analysis and organismal relationships, below).
 Finally, to assess the effects of missing data, partitions
 of the data set were analyzed in which the proportion of
 missing data was greatly reduced. The details of these
 data partitions, along with the proportion of missing val-
 ues in each, are provided in Table 1. All of these partition
 analyses yielded similar results to the analysis described
 above. In particular, the PHYE, PHYB, and PHYA gene
 lineages were strongly supported as monophyletic, and
 the PHYAI lineage was monophyletic among the samples
 of papilionoid legumes. The Derris-Lonchocarpus clade
 (including the same Millettia subgroup samples) was con-
 sistently resolved as monophyletic and with the highest
 bootstrap values. The Tephrosia subgroup samples were
 also monophyletic and sister to the Derris-Lonchocarpus
 clade. Millettia grandis was always shown as sister to the
 group including the Derris-Lonchocarpus clade and Te-
 phrosia subgroup.
 Combined analysis and organismal relationships-A
 combined analysis was performed to get a best estimate
 of organismal relationships. The combined data set in-
 cluded sequences from the PHYE, PHYA, and PHYA1
 loci. Orthologs of PHYB were obtained from only five
 legume species, therefore sequences from this locus were
 not included. Because the duplicated PHYAI sequence of
 Enterolobium (subfamily Mimosoideae) was not part of
 the monophyletic PHYAI lineage of Papilionoideae, only
 papilionoid sequences were included in order to ensure
 strictly orthologous comparisons. Ostryocarpus is shown
 as part of the Derris-Lonchocarpus clade in the PHYAI
 and PHYE lineages, but not so in the PHYA lineage. In-
 clusion of all three PHY loci of Ostryocarpus in the com-
 bined analysis, or just the PHYE and PHYAJ loci, strong-
 ly suggested that this genus was in both cases part of the
 Derris-Lonchocarpus clade. It is concluded, therefore,
 that missing sequence data from the PHYA locus of Os-
 tryocarpus resulted in a spurious relationship depicted in
 the PHYA phylogeny (clade D, Fig. 2).
 Also culled from this analysis were two of the four
 duplicated PHYA sequences of Pongamiopsis amygdalina
 (PHYA2 and PHYA3), one of Millettia thonningii
 (PHYA4), and one of Callerya australis (PHYAS). Only
 sequences in which paralogous relationships could be un-
 equivocally determined were included. In the case of Mil-
 lettia thonningii and Callerya australis, the choice was
 arbitrary.
 The combined data matrix included 49 terminal taxa
 by 1668 homologous nucleotide positions. Because an
 average of -1.5 loci was sequenced per species, this ma-
 trix had 50% missing entries (Table 1). The parsimony
 analysis yielded 16000 minimal lengfh trees (the maxi-
 mum set because of computer memory limitations), each
 with 1296 steps, a consistency index of 0.678, and reten-
 tion index of 0.635. The high amount of missing data in
 this data set diminished the bootstrap values where ran-
 dom data replicates were analyzed without branch swap-
 ping. Therefore, a bootstrap analysis was also performed
 in a more traditional manner that invoked TBR branch
 swapping.
 The strict consensus of the combined analysis resolved
 relationships well among the samples from Millettieae.
 The Derris-Lonchocarpus clade is monophyletic and in-
 cludes only and all those 12 samples marked by the
 PHYAI 3-bp deletion (clade A, Figs. 4-5). This clade is
 supported by a bootstrap value of 52% (or 84% if branch
 swapping was invoked; clade A, Fig. 4) and relatively
 long branch lengths (clade A, Fig. 5). The monophyly of
 the Derris-Lonchocarpus clade is not an artifact of these
 12 samples having less missing data than average. Lon-
 chocarpus phaseolifolius is represented by the PHYA1
 sequence only, whereas Wisteria floribunda is represent-
 ed by PHYA, PHYAI, and PHYE, for example.
 The sister group to the Derris-Lonchocarpus clade is
 the Tephrosia subgroup. This relationship agrees with the
 trees recovered in the analyses of separate data partitions.
 The monophyly of the Tephrosia clade is well supported
 by a high bootstrap value (85%; clade B, Fig. 4) and long
 branch length (clade B, Fig. 5). Sister to the clade that
 includes the Derris-Lonchocarpus and Tephrosia clades
 is Millettia grandis. Again, this pattern of relationships
 was commonly seen during the analyses of separate data
 partitions. For purposes of discussion, the Millettieae core
 group is ostensibly defined here by the Derris-Loncho-
 carpus and Tephrosia clades, and a clade represented by
 Millettia grandis. Indeed it is this group, and its sub-
 groups, that most consistently show the highest bootstrap
 and jackknife values in all PHY sequence analyses.
 The three representatives of Phaseoleae, Butea, Gly-
 cine, and Phaseolus, do not form a monophyletic group
 in spite of the unique PHYA deletion they share at po-
 sition 405 (Appendix C). However, these Phaseoleae
 samples belong to lineages that are most closely related
 to the Millettieae core group. Butea and Dalbergiella
 form the sister clade to the Millettieae core group, and
 Glycine, Phaseolus, and Austrosteensia form a clade that
 is sister to the Millettieae core group plus the Butea-
 Dalbergiella clade. Other samples of Millettieae repre-
 sent yet earlier offshoots, such as the clade represented
 by Platycyamus regnellii and Fordia splendidissima.
 Other than the large resolved clade that includes the
 bulk of the Millettieae, one other major clade is consis-
 tently resolved (clade C, Figs. 4-5). Callerya, Wisteria,
 and samples of Hologalegeae form a monophyletic group,
 in agreement with chloroplast DNA data (Liston, 1995).
 The sister group to this clade includes all samples of the
 tribe Robinieae, as well as Carmichaelia (a putative
 member of Hologalegeae). The inclusion of Carmichae-
 lia, which has been shown to lack the inverted repeat, in
 Robinieae is perplexing. However, most of the relation-
 ships- depicted within clade C (Figs. 4-5) are supported
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 Fig. 4. Strict consensus of the combined PHY sequence analysis. Bootstrap values generated with TBR branch swapping lie above the corre-
 sponding branch, and those generated without swapping lie below. The box labeled "A" encloses the taxa assigned to the Derris-Lonchocarpus
 clade; "B" the Tephrosia clade; and "C" the taxa sampled from Robinieae and Hologalegeae.
 by low bootstrap values. What is clearly resolved in this
 analysis is that Callerya and Wisteria are more closely
 related to members of the Hologalegeae than to those of
 the Millettieae core group.
 DISCUSSION
 The implications of this phytochrome analysis for le-
 gume taxonomy are numerous, though they do not ad-
 dress all long-standing problems. The genera Derris,
 Lonchocarpus, and Millettia and other traditionally prob-
 lematic genera cannot be circumscribed in a study such
 as this. The sample size is small, such that only higher
 level taxonomic and phylogenetic questions can be ad-
 dressed. Even so, some lower level problems can be re-
 solved. For example, this analysis supports the transfer
 of Mundulea richardiana to Millettia richardiana (Labat
 and Du Puy, 1995). This particular species was well re-
 solved within the Derris-Lonchocarpus clade, marked by
 the 3-bp deletion in the PHYAI gene. Other Millettia spe-
 cies are found within this clade, but Mundulea is part of
 the distinct Tephrosia clade. Although Mundulea sericea,
 the species analyzed in this paper, is often thought to be
 intermediate between Tephrosia and Millettia (Geesink,
 1984, p. 107), the results from phytochrome sequence
 analysis suggest that this species along with Tephrosia
 and other segregates is part of a lineage distinct from the
 Derris-Lonchocarpus clade. That Mundulea sericea is
 firmly included within the Tephrosia clade signifies that
 it is not intermediate with the genus Millettia, most of
 whose species- will probably be shown to be part of the
 Derris-Lonchocarpus clade.
 The phytochrome analysis also supports Sousa and de
 Sousa's (1981) segregation of Tephrosia and its allies
 from the Lonchocarpinae (essentially the Derris-Loncho-
 carpus clade). Phytochrome data, however, do not sup-
 port the proposed alignment of the Tephrosia alliance
 with the tribe Robinieae, as was suggested by Sousa and
 de Sousa. The Tephrosia clade is sister to the Derris-
 Lonchocarpus clade, and distantly related to the Robin-
 ieae samples. The sister group relationship of Tephrosia
 to Millettia s.l., as depicted by Geesink (1984), and im-
 plicitly by Sousa and de Sousa, is not supported by this
 analysis. Most components of Millettia will probably be
 shown to belong to the Derris-Lonchocarpus clade. Oth-
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 Fig. 5. One of 16000 minimal length trees generated during a parsimony analysis of combined PHY sequences. Branch lengths lie above the
 corresponding branch. Labels for open boxes are described in Fig. 4.
 ers, like Millettia grandis, will be shown to be more dis-
 tantly related.
 Delineating the Derris-Lonchocarpus group, the nu-
 cleus of which has been identified in this analysis, will
 help to reframe certain taxonomic questions. The seem-
 ingly conflicting hypotheses of relationships of the Mex-
 ican endemic Hesperothamnus with Millettia sect. Mil-
 lettia (Geesink, 1984) or with the Lonchocarpus sub-
 group (Sousa and de Sousa, 1981) may be not so con-
 flicting, as all taxa concerned could well be very closely
 related as part of the Derris-Lonchocarpus clade. Though
 the phytochrome genes of Hesperothamnus have not been
 sequenced, the potentially close relationship among spe-
 cies of Millettia and Lonchocarpus, as suggested by phy-
 tochrome data, renders these conflicting alternative ar-
 guments moot. Similarly, whether Pongamia pinnata is
 part of Millettia sect. Fragilifiorae (not represented in this
 study) or the genus Paraderris (represented by Derris
 elliptica) may -not be so controversial as all groups con-
 cerned could be closely related within the Derris-Lon-
 chocarpus clade.
 Geesink's (1984, p. 109) postulate that Ostryocarpus
 and Callerya are weakly distinguished is not supported
 by phytochrome data. The sample of Ostryocarpus stuhl-
 mannii is shown to be part of the Lonchocarpus-Derris
 clade. In contrast, the four species sampled for Callerya,
 along with Wisteria, cluster among the genera of Holo-
 galegeae. Regardless of the apparent ambiguity of PHY
 genes samples from Ostryocarpus (i.e., clade D, Fig. 2),
 there is no evidence of its close relationship with Caller-
 ya.
 Other specific generic-level questions can be resolved
 with phytochrome data. Pongamiopsis is not supported
 in this analysis as part of the genus Aeschynomene
 (Hutchinson, 1964), as Pongamiopsis amygdalina is firm-
 ly included within the Lonchocarpus-Derris clade.
 Though Aeschynomene was not included in this phyto-
 chrome analysis, it has been shown by phylogenetic anal-
 ysis of morphological and rDNA sequence data to be
 very closely related to the genus Dalbergia (M. Lavin,
 unpublished data, Montana State University), which is
 included. Geesink's (1984) placement of Dalbergiella in
 the tribe Dalbergieae is incorrect according to phyto-
 chrome data. Dalbergiella nyassae is consistently shown
 (along with Butea monosperma) as sister to the Millet-
 tieae core group. Notably, Dalbergiella does not show an
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 affinity to the Dalbergieae samples used in this study (i.e.,
 Dalbergia and Tipuana). Poecilanthe and Cyclolobium
 should be allied elsewhere in the Papilionoideae, partic-
 ularly near certain groups with free stamens (e.g., Bolu-
 santhus or Sophora of the tribe Sophoreae). The exclu-
 sion of Poecilanthe from an alliance with the Millettieae
 core group finds significant support from phytochemical
 data (Greinwald et al., 1995). All species of Poecilanthe
 accumulate alkaloids with a profile most similar to that
 of species in the tribe Brongniarteae. That these genera
 with fused stamens are aligned with ones with free sta-
 mens is not surprising. This pattern is becoming shown
 more commonly (e.g., Kass and Wink, 1994; Lavin et al.,
 1996).
 In addition to the implications discussed above, the
 most significant finding from the phytochrome study is
 that it provides a revised phylogenetic hypothesis for the
 entire tribe Millettieae. The Derris-Lonchocarpus clade
 and its sister group, the Tephrosia clade, represent the
 two largest monophyletic groups that will very likely be
 shown to encompass most of the species traditionally as-
 signed to Millettieae (i.e., most or all species of the four
 largest genera, Derris, Lonchocarpus, Millettia, and Te-
 phrosia). Though very speciose, the recognition of this
 clade as monophyletic renders most of Geesink's asser-
 tions on the paraphyly of Millettieae meaningless.
 Most importantly, this revised phylogenetic framework
 assists in the identification of particular taxa that should
 be targeted for future sampling, both for molecular and
 nonmolecular phylogenetic studies. The essence of the
 framework is the monophyly of the Millettieae core
 group, which begins with the branch leading to Millettia
 grandis (the sister group to clades A and B, Figs. 4-5).
 The distinction of this group is based not only on the
 phylogenetic analysis of phytochrome sequence data, but
 also on nonprotein amino acid data. Notably, no sampled
 species that are now part of this group accumulate can-
 avanine (see Evans, Fellows, and Bell, 1985). The sam-
 pled species either do not accumulate nonprotein amino
 acids (e.g., Dalbergiella nyassae or Millettia grandis), or
 they accumulate types such as homoarginine (e.g., spe-
 cies of Tephrosia and Lonchocarpus). Therefore, species
 of Deguelia (the "American Derris"), Philenoptera (the
 "African Lonchocarpus"), Afgekia, Craspedolobium,
 Sarcodum, and Millettia sections Bracteatae (=Endosa-
 mara), Otosema, Sericantae, Compresso-gemmatae
 (some, but not Millettia grandis), and Efulgentes, all of
 which accumulate canavanine, should be targeted for
 sampling as they may not be part of this Millettieae core
 group. The precedence for this is that Platycyamus reg-
 nellii, Callerya reticulata (Millettia section Eubotyra),
 Callerya australis, and C. megasperma (Millettia section
 Austro-millettia), Callerya atropurpurea (Whitfordio-
 dendron), and Wisteria floribunda all accumulate cana-
 vanine, and all are distant from the Millettieae core
 group. In fact, the relationship of these canavanine ac-
 cumulators is often with others that accumulate this same
 nonprotein amino acid, like the genera- of Robinieae or
 Hologalegeae.
 This new phylogenetic hypothesis points to yet other
 species that in future studies should be given priority in
 sampling. The Millettieae core group includes species
 that mostly have a pseudoracemose or pseudopaniculate
 inflorescence (each node along the rachis bears a fascicle
 of flowers). Species with terminal or axillary racemes or
 panicles (each node bears a single flower) are rare in the
 group (i.e., only Ostryocarpus stuhlmanni-i). Dalbergiella
 nyassae and Craibia brevicaudata, both of which repre-
 sent genera with terminal panicles, are not part of this
 group. It is not surprising that Platycyamus regnellii is
 not included because it both accumulates canavanine and
 produces terminal panicles. Thus, all the species of Cal-
 lerya and Wisteria, which have terminal racemes or pan-
 icles and accumulate canavanine, are likely going to be
 shown as not part of the Millettieae core group. This
 could be true also for Afgekia, Antheroporum, many of
 the sections of Millettia listed above, and Sarcodum, as
 well as Philenoptera and the "American Philenoptera"
 (Lonchocarpus araripensis Bentham, L. muehlenbergi-
 anus Hassler, L. praecox Bentham, and L. subglaucescens
 Bentham) for the same reasons.
 Substantial focus on the genera traditionally placed in
 the Millettia subgroup will provide the most insight into
 the characters that distingusish the major subgroups of
 Millettieae. This is because this subgroup has elements
 occurring in the Derris-Lonchocarpus clade, the "Mil-
 lettia grandis" clade, and (if Callerya species are includ-
 ed as they once were) the Hologalegeae clade. The spe-
 cies of this subgroup are distinguished not so much by
 dehiscent pods as they are by negative characters, or not
 fitting cleanly into another subgroup. Of all the sub-
 groups, they show the greatest diversity by far in seed
 morphology and chemistry, as well as in vegetative and
 floral morphology. Targeting the species of the Millettia
 subgroup will most effectively enable legume systema-
 tists to begin to formulate what are the monophyletic
 groups in the tribe Millettieae and which are the char-
 acters, especially morphological and phytochemical, that
 distinguish such groups.
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 APPENDIX A. Taxa sampled in reference to the six major subgroups of the Tribe Millettieae, as well as outgroups. GenBank accession numbers
 for each PHY gene are listed with each sample. Arabidopsis thaliana PHYA, Glycine max PHYA and PHYB, and Pisum sativum PHYA were
 obtained through existing GenBank accessions. For those genera that were not sampled, "none" is indicated.
 I. Millettia subgroup
 Craibia Dunn: Craibia brevicaudata (Vatke) Dunn (Polhill & Robertson 5296, K), PHYA: U83269, PHYAI: U83268.
 Deguelia Aublet (the "American Derris"): none.
 Dewevrea M. Micheli: none.
 Disynstemon R. Viguier: none.
 Fordia Hemsley: Fordia splendidissima (Tangah s.n., Sabah Herbarium, Malaysia), PHYA: U78840.
 Hesperothamnus T S. Brandegee (Millettia Wight & Arnott sect. Millettia): none.
 Imbralyx Geesink (Millettia sect. Albiflorae Dunn; synonymized with Fordia by Schot, 1991): none.
 Millettia Wight & Arnott (a notoriously heterogeneous taxon): Millettia dura (Lock 83/124, K), PHYA: AF004783, PHYAI: AF004784,
 PHYE: AF004785; Millettia grandis (E. Meyer) Skeels (Lavin & Lavin s.n., MONT), PHYA: AF004794, PHYAI: AF004793, PHYE:
 AF004792; Millettia richardiana (Baillon) Du Puy & Labat (Schrire 2555, K), PHYA: AF004787, PHYAI: AF004788, PHYE: AF004786;
 Millettia thonningii (Schum. & Thonn.) Baker (Faden 74/81, K), PHYA: U75314, PHYAI: U77577, PHYA4: U77578.
 Neodunnia R. Viguier: none.
 Platysepalum Welw. ex J. G. Baker: none.
 Pongamia Vent. (Millettia Wight & Arnott sect. Fragiliflorae Dunn): Pongamia pinnata (L.) Pierre (Gutierrez s.n., K), PHYA: U83266,
 PHYAI: U83267.
 Pongamiopsis R. Viguier: Pongamiopsis amygdalina (Baillon) R. Viguier (DuPuy M575, K), PHYA: AF004802, PHYAI: AF004801, PHYA2:
 AF004803, PHYA3: AF004804.
 Schefflerodendron Harms: none.
 II. Lonchocarpus subgroup
 Apurimacia Harms: none.
 Behaimia Grisebach: none.
 Bergeronia M. Micheli: none.
 Dahlstedtia Malme: Dahlstedtia pinnata (Bentham) Malme (HC Lima 4-1, RJ), PHYA: AF004776, PHYAI: AF004777.
 Lonchocarpus Kunth: Lonchocarpus eriocarinalis M. Micheli (Lavin 5325a, BH), PHYA: AF004798, PHYAI: AF004799, PHYE: AF004797;
 Lonchocarpus phaseolifolius Bentham (Hellin & Hughes 5, FHO), PHYAI: AF004800; Lonchocarpus rugosus Bentham (Lavin 8204,
 MONT): Lonchocarpus spectabilis Hermann (Hughes 899, FHO), PHYA: U83409, PHYAI: U83408.
 Margaritolobium Harms: none.
 Piscidia L.: Piscidia piscipula (L.) Sarg. (Lavin & Luckow 5793a, TEX), PHYA: AF004790, PHYAI: AF004789, PHYE: AF004791.
 III. Derris subgroup
 Brachypterum (W. & A.) Bentham (a segregate of Derris s.s. that like Lonchocarpus s.s. accumulates hydroxy-homoarginine in seed): none.
 Derris Lour.: none.
 Leptoderris Dunn: none.
 Ostryocarpus Hook.: Ostryocarpus (Xeroderris) stuhlmannii (Taubert) Harms (Corby 2162, K), PHYA: AF004780, PHYAI: AF004781,
 PHYE: AF004782.
 Paraderris (Miq.) Geesink (Derris sect. Paraderris Miq.)-raised to the generic level by Geesink (1984) because of its Lonchocarpus-like
 inflorescence (i.e., two flowers borne from a common pedicel): Derris elliptica (Roxb.) Benth. (no voucher, specimen from Michigan
 State Univ.), PHYA: U83270, PHYAI: U83271, PHYE: U83272.
 IV. Tephrosia subgroup
 Caulocarpus E. G. Baker: none.
 Chadsia Bojer: Chadsia versicolor (Schrire 2530, K), PHYA: AF004779, PHYAI: AF004778.
 Lupinophyllum Hutch.: none.
 Mundulea (DC.) Bentham: Mundulea sericea (Willd.) A. Chev. (Schrire 2529, K), PHYA: U78064, PHYAI: U78065, PHYE: U78066, PHYB:
 U78067.
 Ptycholobium Harms: none.
 Requienia DC.: none.
 Tephrosia Pers.: Tephrosia villosa (L.) Pers. (Lavin 6219, BH), PHYA: AF004795, PHYE: AF004796.
 V. "Primitive" subgroup. All of these were classified in the tribe Millettieae (then Tephrosieae) by Geesink (1981).
 Afgekia Craib: none.
 Antheroporum Gagnepain: none.
 Austrosteensia Geesink: Austrosteensia (Kunstleria) blackii (F Muell.) Geesink (Pedley 5005, K), PHYA: U78841, PHYAI: U78842, PHYE:
 U78843.
 Callerya Endlicher: Callerya atropurpurea (Wall.) Schot (Liston 876, OSC), PHYA: U78853, PHYAI: U78854; Callerya australis (Endl.)
 Schot (Beesely 1053, NSW), PHYA5: U75313, PHYAI: U77579; Callerya megasperma (E Muell.) Schot (Liston s.n., OSC), PHYA:
 U78856, PHYAI: U75312; Callerya reticulata (Benth.) Schot (Liston 877, OSC), PHYA: U78855.
 Cyclolobium Bentham: Cyclolobium nutans Rizz. & Heringer (HC Lima 3, RJ), PHYA: U78828, PHYAI: U78829.
 Dalbergiella Baker f.: Dalbergiella nyassae Baker f. (Muller 2686, K), PHYA: U78068, PHYAI: U78069, PHYE: U78070, PHYB: U78071.
 Endosamara Geesink (Millettia sect. Bracteatae Dunn): none.
 Philenoptera A. Richard (Lonchocarpus sect. Paniculati Bentham, or the "African Lonchocarpus"): none.
 Poecilanthe Benth.: Poecilanthe falcata (Vell.) Heringer (HC Lima 2-1, RJ), PHYA: U78847, PHYE: U78848.
 Sarcodum Lour.: none.
 Wisteria Nutt.: Wisteria floribunda (Willd.) DC. (Lavin 6205, BH), PHYA: U78062, PHYAI: U78063, PHYE: U78061.
 VI. "Phaseoleae" subgroup
 Burkilliodendron Sastry: none (extinct monotypic genus).
 Craspedolobium Harms: none.
 Kunstieria Pran (the "Asiatic Lonchocarpus"): none.
 Platycyamus Bentham: Platycyamus regnellii Bentham (HC Lima 5-1, RJ), PHYA: U78844, PHYAJ: U78845, PHYE: U78846.
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 APPENDIX A. Continued;
 VII. Outgroup taxa (and vouchers)
 1. Arabidopsis thaliana (L.) Heynh (GenBank accession). PHYA: L21154.
 2. Mimosoideae: Enterolobium cyclocarpum (Jacquin) Grisebach (Lavin 6226, BH). PHYA: U78825, PHYAI: U78826, PHYE: U78827.
 3. Caesalpinioideae: Brownea sp. (Lavin 6225, BH), PHYA: U78820, PHYB: U78821; Ceratonia siliqua L. (Lavin s.n., MONT), PHYA:
 U78824; Gleditsia triacanthos L. (Lavin s.n., MONT), PHYE: U78819; Gymnocladus dioica (L.) K. Koch (Lavin 6211, BH), PHYA:
 U78822, PHYE: U78823.
 4. Papilionoideae, Sophoreae: Bolusanthus speciosus (Bolus) Harms (Lavin 6227, BH), PHYA: U78834, PHYAI: U78833; Myrospermum
 sousanum Delgado & Johnston (Delgado & Johnston s.n., TEX), PHYA: U78830, PHYE: U78831, PHYB: U78832; Sophora affinis T.
 & G. (Escobar s.n., MONT), PHYA: U78835, PHYAI: U78836, PHYE: U78837.
 5. Papilionoideae, Dalbergieae: Dalbergia sp. (Lavin 7141, MONT), PHYA: U78849, PHYAI: U78850, PHYE: U78851; Tipuana tipu
 (Bentham) 0. Kuntze (Lavin 6184, BH), PHYA: U78852.
 6. Papilionoideae, Phaseoleae: Butea monosperma (Lam.) Taub. (Ridder-Numan s.n., L), PHYA: U83263, PHYAI: U83264; PHYE: U83265.
 Glycine max (L.) Merrill (GenBank accessions), PHYA: L34844, PHYB: L34833; Phaseolus vulgaris L. (Lavin #13-9VIII93, MONT),
 PHYA: U83273.
 7. Papilionoideae, Robinieae: Coursetia madrensis M. Micheli (Lavin 4626, MONT, TEX), PHYA: U78616; Hebestigma cubense (H. B.
 K.) Urban (Lavin 5611, TEX), PHYA: U78614, PHYE: U78615; Hybosema robustum M. Sousa & Lavin (Hughes 1488, MONT), PHYA:
 U78618, PHYAI: U78619; Lennea melanocarpa (Schlechtendal) Harms (Lavin & Delgado 8217, MEXU), PHYE: U78612, PHYA:
 U78613; Poitea carinalis (Grisebach) Lavin (Lavin 7150, MONT), PHYA: U78624; Sesbania cochichinensis (Lour.) DC. (=Sesbania
 cannabina sensu Roxb., in Gillett, 1963; Lavin s.n., MONT), PHYA: U78620; Sesbania emerus (Aublet) Urban (Lavin s.n., MONT),
 PHYA: U78621, PHYAI: U78622; Sesbania sesban (L.) Merill (Potter 870410, BH); Sesbania vesicaria (Jacquin) Elliot (Lavin 6194,
 BH), PHYAI: U78623.
 8. Papilionoideae, Hologalegeae (papilionoids lacking the cpDNA inverted repeat): Caragana arborescens Lam. (Lavin 5907 RM), PHYA:
 U78626, PHYAI: U78627; Carmichaelia sp. (Lavin 6201, BH), PHYAI: U78838, PHYE: U78839; Clianthusformosus (Krukoff s.n., K),
 PHYA: U78625; Lathyrus odoratus L. (Lavin 6170, MONT), PHYA: U78617; Pisum sativum L. (GenBank accessions), PHYA: M37217;
 The Pisum pseudogene (X52992) is orthologous to PHYA at much of the 3' end of the target region described in this paper, but it was
 not included because most of the relevant region was missing and also because it was not pertinent to the focus.
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